Vinyl chloride (VC) is a ubiquitous environmental contaminant for which human risk is incompletely understood. We have previously reported that high occupational exposure to VC directly caused liver damage in humans. However, whether VC may also potentiate liver injury from other causes is not known. C57Bl/6J mice were administered chloroethanol (CE), a major metabolite of VC, and lipopolysaccharide (LPS) 24 h after CE. Samples were harvested for determination of liver damage, inflammation, and changes in carbohydrate and lipid metabolism. In mice, CE exposure alone caused no detectable liver damage. LPS exposure caused inflammatory liver damage, oxidative stress, lipid accumulation, and glycogen depletion; the effect of all of these variables was potentiated by CE pre-exposure. In vitro experiments suggest that VC metabolite chloroacetaldehyde (CAA) directly damages mitochondria, which may explain the sensitization effect observed in vivo. Moreover, co-exposure of cells to CAA and TNFa caused increased cell death, supporting the hypothesis of sensitization by VC metabolites. Taken together, these data demonstrate that exposure to VC/metabolites at levels that are not overtly hepatotoxic can potentiate liver injury caused by another hepatotoxicant. This serves as proof-of-concept that VC hepatotoxicity may be modified by an additional metabolic stress such as endotoxemia, which commonly occurs in acute (eg, sepsis) and chronic (eg, NAFLD) diseases.
risk assessment for both occupational and environmental exposure. Previous studies have investigated the independent effect of VC exposure on hepatic function, not considering additional factors that may contribute to injury, even at concentrations of VC that are not overtly hepatotoxic, per se (Cave et al., 2010; Sherman, 2009) . In this context, better understanding of the impact of underlying disorders or other insults that may modify risk is critical.
In the liver, the concept of multiple factors contributing to disease is well known. Indeed, liver disease is not based solely on one factor, but rather is modified by other mitigating conditions, such as genetic or environmental factors. Numerous studies have now established that physiological/biochemical changes to the liver that are pathologically inconsequential can become hepatotoxic in response to another agent. This concept that liver injury is potentiated by additional factors has been exemplified in alcoholic (Beier et al., 2011) and nonalcoholic fatty liver diseases Day and James, 1998) . For example, Yang et al. (1997) demonstrated that fatty livers are sensitive to hepatotoxicity caused by the injection of bacterial lipopolysaccharide (LPS).
We hypothesize that concentrations of VC/metabolite that are not overtly hepatotoxic may serve as a potentiating factor in liver disease. The rationale for this hypothesis is that VC shares similar metabolic pathways in liver to other hepatotoxicants that are known to sensitize the liver, such as ethanol (Bolt, 2005) . Specifically, VC is metabolized via CYP2E1 and aldehyde dehydrogenase-dependent pathways to produce the corresponding alcohol (chloroethanol, CE) and aldehyde (chloroacetaldehyde, CAA); indeed, previous studies have suggested that VC oxidation is a bioactivation process (Bruggemann et al., 2006) . The purpose of the current proof-of-concept study was to test the hypothesis that experimental VC metabolite CE at subhepatotoxic concentrations sensitize the liver to hepatotoxicity caused by an additional factor (LPS) in mice.
METHODS

Animals and treatments
Eight-week-old male C57BL/6J mice from Jackson Laboratory (Bar Harbor, Maine) were housed in a pathogen-free barrier facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, and procedures were approved by the local Institutional Animal Care and Use Committee. Animals were administered CE (50 mg/kg i.g.) or vehicle (saline) and injected with LPS (from Escherichia coli 055:B5, #L2880, lot 075K4038; Sigma, St. Louis Missouri; 10 mg/kg i.p., 600 000 EU/mg) or vehicle (saline) 24 h later (timeline: Figure 1A ). The concentration of CE was determined by others to not directly cause liver damage (Kaphalia and Ansari, 1989) and was validated in pilot experiments; based on the fraction of VC that is estimated to be metabolized to CE and its apparent volume of distribution in rodents, this concentration equates to $100 ppm exposure as bolus VC. The LPS concentration for this lot was selected by range finding studies to cause low to moderate liver injury and has been published previously Beier et al., 2008 Beier et al., , 2009 von Montfort et al., 2008) . Animals were anesthetized with ketamine/xylazine (100/15 mg/kg, i.m.) 0-24 h after LPS injection (timeline: Figure 1A ). Blood was collected from the vena cava just prior to kill (exsanguination), and citrated plasma was stored at À80 C for further analysis.
Portions of liver tissue were snap-frozen in liquid nitrogen, embedded in frozen specimen medium (Sakura Finetek, Torrance, California), or were fixed in 10% neutral buffered formalin.
Isolation of primary hepatocytes
Hepatocytes were isolated from livers of anesthetized C57Bl/6J mice by collagenase digestion as previously described (Herman et al., 1988) .
Cell culture, cell viability, extracellular flux, and quantitative cell analysis
HepG2 cells (ATCC # HB-8065, American Type Culture Collection, Manassas, Virginia) were maintained in Dulbecco's modified Eagle's medium (DMEM) with phenol red, supplemented with 10% heat-inactivated fetal bovine serum, 20 mM Lglutamine, 100 IU/ml penicillin, 10 mg/ml streptomycin. Cells were grown in 75-cm 2 cell culture flasks at 37 C with 5% CO 2 in a humidified incubator. HepG2 cells in 96-well microtiter cell culture plates were pre-incubated for 30 min with CAA (0-20 lM), followed by an incubation of CAA in the absence and presence of 17.5 ng/ml TNFa for an additional 24 h. Cytotoxicity was determined as described previously (Anwar-Mohamed and El-Kadi, 2008) . In brief, the treatment medium was removed and replaced with cell culture medium containing 1.2 mM of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma). After 2 h of incubation, the formed crystals were dissolved in isopropanol. The intensity of the color in each well was measured at a wavelength of 570 nm using the Bio-Tek Synergy HT microplate reader (Bio-Tek Instruments, Winooski, Vermont). Oxygen consumption rates (OCRs) and extracellular acidification rates were measured using an XF96 Extracellular Flux Analyzer (Seahorse Biosciences, Billerica, Massachusetts; Schmidt et al., 2013) . Primary hepatocytes, isolated from C57Bl/ 6J mice, or HepG2 cells (American Type Culture Collection) were plated at 10 000 cells per well and incubated for 24 h in DMEM (Gibco, Thermo Fisher Scientific, Grand Island, New York). Cells were then incubated with graded concentrations of CAA from 0 to 200 lM. One hour prior to the commencement of measurements the media were changed to unbuffered DMEM (Seahorse Biosciences) containing the same concentrations of CAA. For quantitative cell-based high-content screening, CAA-containing media were removed and media containing: Hoechst 33342, TMRM, and TOTO-3 dyes were added to the wells. Following a 1-h incubation with the dyes, the plate was placed into the Cellomics Array Scan VTI HCS reader and relative fluorescence units (RFU) were analyzed, as described previously (Ding et al., 2014) . Following a 1-h incubation of cells with CAA, ATP was determined in cell lysates using a commercially available kit (Sigma), or total GSH was determined spectrophotometrically using the technique of Griffith (1980) . BODIPY-IAM labeling of proteins were performed and levels of reactive protein thiols were quantified as described previously (Hill et al., 2009b) . , 2016, Vol. 151, No. 2 at Journals Dept on June 14, 2016
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http://toxsci.oxfordjournals.org/ trained pathologist as described elsewhere (Nanji et al., 1989) ; the number of necrotic or inflammatory foci (involving >5 cells) was determined in 10 400Â fields. Apoptosis was detected via terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL; Millipore, Billerica, Massachusetts). Livers were stained with Oil Red O as described previously 
Immunoblots
Liver samples were homogenized in RIPA buffer (Beier et al., 2006) , containing protease and phosphatase inhibitor cocktails (Sigma). Samples were loaded onto SDS-polyacrylamide gels (Invitrogen, Thermo Fisher Scientific), followed by electrophoresis and Western blotting onto PVDF membranes (Hybond P, GE Healthcare Bio-Sciences, Pittsburgh, Pennsylvania). Primary antibodies against phosphorylated and total mTOR, p70S6K, 4EBP1, AKT, and AMP-activated protein kinase (AMPK) (Cell Signaling Technology, Beverly, Massachusetts) were used. Densitometric analysis was performed using UN-SCAN-IT gel (Silk Scientific Inc., Orem, Utah) software.
RNA isolation and real-time RT-PCR
RNA was extracted immediately following sacrifice from fresh liver samples using RNA Stat60 and chloroform. Real-time RT-PCR was performed using a StepOne real-time PCR system (Thermo Fisher Scientific). Primers and probes were ordered as commercially available kits (Thermo Fisher Scientific). The comparative C T method was used to determine fold differences between the target genes and an endogenous reference (18S).
Statistical analyses
Results are reported as means 6 SEM (n ¼ 4-8) and were analyzed using SigmaPlot 11.0 (Systat Software, Inc., San Jose, California). ANOVA with Bonferroni's post hoc test (for parametric data) or Mann-Whitney Rank sum test (for nonparametric data) were used for the determination of statistical significance among treatment groups, as appropriate. A P value <.05 was selected before the study as the level of significance. Figure 1 shows representative photomicrographs depicting liver pathology (H&E stain) and neutrophil accumulation (CAE) 24 h after injection with LPS. No pathological changes were observed in liver tissue in the untreated or CE groups. LPS at this concentration caused no gross morphological changes to the liver ( Figure 1B , H&E), but increased the number of infiltrating neutrophils ( Figure 1B , CAE). The combination of CE and LPS increased hepatic damage, with necro-inflammatory foci now detectable. CE also significantly enhanced the effect of LPS on the recruitment of neutrophils to the liver ( Figure 1B ). Moreover, hepatic expression of markers for inflammatory cells was analyzed. Hepatic gene expression levels of macrophage (F4/80), monocyte (Cd68), and neutrophil (Ly6g) markers were significantly increased in the CE þ LPS group ( Figure 1B , lower panel). Whereas the expression of intercellular adhesion molecule 1 Icam-1 was increased with LPS, CE did not alter this effect ( Figure 1B , lower panel). Neutrophils have been shown to induce oxidative stress and hepatocellular damage by generating reactive oxygen species (ROS) and cytotoxic mediators (Jaeschke, 1995) . As an index of oxidative stress, the effect of CE pre-exposure on the accumulation of 4-hydroxynonenal (4-HNE) protein adducts was determined ( Figure 1B ). While having only a slight effect in the absence of LPS, the intensity and extent of positive staining, suggesting accumulation of 4-HNE adducts in the liver, was greatly enhanced by CE ( Figure 1B ). Plasma levels of transaminases and pathology scores were within normal ranges in naïve mice ( Figure 1C ); CE alone did not significantly alter these values. LPS injection alone significantly increased pathology scores and the levels of ALT and AST released into the plasma 24 h after injection. CE significantly enhanced these effects caused by LPS ( Figure 1C ). Moreover, livers were stained for TUNEL-positive cells as an index of apoptosis (Figure 2 ). Few TUNEL-positive cells were observed in liver tissue in untreated animals or after injection of CE alone. As expected, LPS alone robustly increased TUNEL-positive cells (both hepatocytes and NPCs) in liver (14.7 6 3.5 hepatocytes and 17.5 6 3.0 NPCs, Figure 2 ). In line with these results, LPS exposure also increased cleaved caspase 3 4.1 6 0.4-fold over control, as determined by Western blot. CE, however, significantly blunted the number of TUNEL-positive cells caused by LPS (6.6 6 1.5 hepatocytes and 5.7 6 0.6 NPCs, Figure 2 ), despite having no effect on LPS-induced caspase 3 cleavage (5.4 6 0.4-fold over control). LPS-induced apoptosis was equally inhibited by CE both, in hepatocytes and NPCs ( Figure 2B ).
RESULTS
Effect of CE on Liver Damage Caused by LPS
Effect of CE on the Induction of Gene Expression Caused by LPS
Intraperitoneal LPS injection causes transient inflammatory liver injury at this concentration . As CEenhanced recruitment of inflammatory cells caused by LPS (Figure 1 ), its effect on hepatic expression of key pro-inflammatory and anti-inflammatory genes was determined at the 4-h time-point (Figure 3 ). CE alone had no effect on these markers. LPS alone significantly induced the hepatic expression for all of these variables, at the 4-h time-point ( Figure 3 ) and was still elevated after 24 h (data not shown). CE strongly increased hepatic mRNA expression of key genes involved in the M1 response (Pai-1, Tnfa, iNos, Il-1b, Infc and Il-6) at 4 ( Figure 3 ) and 24 h (data not shown) after LPS. For genes of the M2 response (Tgfb, Il-10, Vegf), while CE did not alter the LPS effect for Tgfb, it blunted expression of Vegf, but further increased Il-10 expression at the 4-h time-point. Moreover, hepatic expression of a-sma, as a marker of stellate cell activation was examined. However, no changes in a-sma expression were observed in any of the groups (data not shown).
response to an additional agent. Therefore, lipid accumulation in the liver (ORO) and glycogen storage (PAS) was determined in these samples. As shown by ORO, CE caused a slight but noticeable increase in lipid droplets in livers of mice (Figure 4 ). This was reflected in hepatic TG and hepatic nonesterified fatty acids (NEFAs) at the 0 h time-point (time-point of LPS injection, Figure 1A : timeline; Table 1 : data). LPS alone also significantly increased lipid accumulation, and CE enhanced LPS-induced steatosis. Indeed, hepatic TGs and NEFAs were increased 24 h after LPS and hepatic NEFAs were further increased by CE (Table  1 ). The increase in hepatic NEFAs with CE and LPS was paralleled by an increase in plasma TG, cholesterol (Chol), HDL, LDL, and VLDL (Table 1) . Interestingly, whereas both CE and LPS slightly depleted unfasted glycogen reserves in the liver, their combined effect was an almost complete, panlobular depletion of these stores in the liver at the 4-h time-point (Figure 4, PAS) .
Hepatic steatosis and changes in glycogen stores are often mediated via direct alterations in the expression of genes key to lipid and carbohydrate metabolism. To explore the effects of CE on hepatic energy metabolism, expression of genes that are key in regulating the synthesis and catabolism of carbohydrates and lipids were examined by qRT-PCR ( Figure 5 ). CE alone significantly increased the expression of a number of genes involved in carbohydrate and lipid metabolism, including phosphoenolpyruvate carboxykinase 1 (Pck1, rate-limiting enzyme in gluconeogenesis), glycogen synthase kinase-3 (Gsk3b, suppresses glycogen synthesis), glucose transporter Glut4 (insulin-mediated glucose transport), ATP citrate lyase (Acly, link between carbohydrate metabolism and fatty acid production), and carnitine palmitoyltransferase (Cpt1a, rate-limiting enzyme in fatty acid b-oxidation). Expression of glucokinase (Gk, rate-limiting enzyme in glycolysis), glucose transporter Glut1 (basal glucose transport), Sirt1 (regulator in glucose and lipid metabolism), Srebp1 (sterol regulatory element-binding protein 1), Fasn (fatty acid synthase) were unchanged by CE alone at the 4-h timepoint. LPS had no effect on most of these genes at the 4-h timepoint, but increased Sirt1 expression and decreased expression of Gk, Glut4, Acly, and Fasn. CE did not alter expression changes caused by LPS ( Figure 5 ).
Effect of CAA on Mitochondrial Integrity and Respiration
An additional mechanism by which toxicants can change cellular energy (eg, lipid and carbohydrate stores) is via affecting flux through these pathways, independent of gene expression changes. The hypothesis that VC metabolites directly affect flux through these pathways (scheme, Figure 8 ) was determined via cell-based immunofluorescence (Cellomics) and via energetic flux analysis (Seahorse). HepG2 cells were incubated with CAA instead of CE as they are known to lack CYP2E1 and alcohol dehydrogenase and therefore are unable to further metabolize CE. Nuclear area (Hoechst fluorescence), mitochondrial membrane potential (TMRM fluorescence), and cell membrane permeability (TOTO-3) were determined. CAA concentration-dependently decreased polarized mitochondria (TMRM; Figs. 6A and B) and concomitantly increased cell membrane permeability (TOTO-3). 
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These effects of CAA were not coupled with a decrease in nuclear size, as would be expected by apoptotic killing. Importantly, when these variables were monitored at the individual cellular level, the concentrations of CAA required to decrease mitochondrial membrane potential were lower than the concentrations required to increase cell permeability and subsequent cell death ( Figure 6A ). In line with these findings, the compound concentration dependently decreased oxygen consumption in HepG2 cells and primary hepatocytes, isolated from mice ( Figure 6D ). In both cell types, a significant decrease in the basal OCR was noted at concentrations !50 mM CAA. Importantly, also after uncoupling mitochondrial oxidative phosphorylation with carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP), OCR of both cell types concentration dependently decreased. Moreover, decreased mitochondrial 'reserve capacity' was observed, which is calculated by subtracting the maximal OCR by the basal rate (OCR after addition of FCCP, Figure 6D ). In line with the Cellomics HCS and Seahorse data, CAA decreased ATP levels by 15% or 75% at the 50 mM and 100 concentrations, respectively ( Figure 6C ). Similarly, total glutathione levels and cellular protein thiols were decreased by 40% or 80% for total GSH and by 20% or 40% for protein thiols at the 50 and 100 mM concentrations, respectively ( Figure 6C ). To determine a sensitization of hepatocytes by CAA; cellular viability was measured via an MTT assay in response to CAA 6 TNFa. HepG2 cells were exposed to CAA (0-20 mM) for 24 h with in the presence and absence of 17.5 ng/ml TNFa ( Figure 6E ). CAA alone did not affect cell viability at concentrations <20 lM. However, CAA concentrations 10 lM and higher sensitized the cells to the cytotoxic cytokine TNFa and significantly decreased cell viability by 20% (at 10 mM CAA) and 44% (at 20 mM CAA; Figure 6E ).
Effect of CE on Mechanistic Target of Rapamycin (mTOR) and AMPK Phosphorylation Status
The results suggest that CE significantly impacts cellular energy metabolism (Figs. 4 , 5, and 6), leading to lipid accumulation and depletion of glycogen stores (Figure 4) . The observed metabolic changes caused by VC metabolites may be, at least in part, responsible for the sensitization effect of the liver cells to cytotoxic stimuli by VC metabolites ( Figure 6E ). The kinases mTOR and AMPK are considered critical intracellular 'switches' to regulate and respond to anabolic and catabolic changes in lipid and carbohydrate metabolism. Therefore, the effect of CE exposure in vivo on the hepatic phosphorylation status of both mTOR and its downstream targets p70S6K, 4EBP1, AKT, as well as AMPK was determined. Representative western blots ( Figure 7 ) and densitometric analysis (Figure 7 ) of these lysates are shown. Interestingly, CE alone caused simultaneous increases in mTOR, in part its downstream targets (AKT and 4EBP1) and also AMPK activation at the 4-h time-point (Figure 7 ).
DISCUSSION
Subhepatotoxic CE Enhances Liver Damage Caused by LPS
The role that chronic exposure to VC plays in disease is a major health concern in the US, because there are many areas with elevated VC in the ground water due to close proximity to contaminated sites (Kielhorn et al., 2000) . While current safety restrictions in today's industry lessen exposure concerns, it is still unclear whether lower exposure levels of VC and metabolites that are not overtly toxic, per se, can augment liver toxicity caused by another insult. Here, the hypothesis tested was whether CE enhances hepatotoxicity due to LPS, which is often elevated in systemic blood during liver disease (Li and Diehl, 2003) , and is employed in basic research as a model hepatotoxicant (Yang et al., 1997) . The results summarized in this study demonstrate that CE exposure at a concentration that does not cause overt injury in the mouse, enhanced liver damage caused by LPS. Interestingly, CE þ LPS exposure decreased the number of apoptotic (Figure 2 ) Kupffer cells and hepatocytes compared with LPS alone. The former effect may contribute to the elevated inflammatory response to LPS in the presence of CE, while the latter effect suggests a necrotic rather than apoptotic cell death. Such switches from apoptosis to necrosis are common when cellular Respiration was measured in cells exposed to CAA. OCRs (% of Control) are shown using the Seahorse XF96. E, Cytotoxicity was determined using an MTT assay. Data are expressed as percent of untreated control (n ¼ 8). a , P < .05 compared with the absence of CAA; b , P < .05 compared with 17.5 ng/ml TNFa.
energy levels are insufficient to complete apoptosis (ie, 'necroptosis', see below). Cave et al., recently reported that TASH in workers with high occupational exposure to VC was associated predominantly with necrosis rather than apoptosis, which distinguishes from both nonalcoholic and alcoholic steatohepatitis (Cave et al., 2010; Wieckowska et al., 2006) . The results of the current animal/in vitro study validate those findings and support the hypothesis that VC metabolites can enhance liver damage caused by an additional insult due to priming of the inflammatory response (Figs. 1 and 3 ) and sensitization of hepatocytes ( Figure 6E ).
Potential Mechanisms by Which CE Enhances LPS-Induced Liver Damage
The majority of studies investigating VC and/or its metabolites focus on carcinogenesis and previously proposed mechanisms have centered on DNA damage caused by adduct formation (Bolt, 2005) . This study identified a new impact of CE exposure to dysregulate carbohydrate and lipid metabolism, causing glycogen depletion and steatosis (Figure 4) . Specifically, it was found here that CE increased circulating and hepatic lipids, even in the absence of LPS (Table 1 and Figure 4 ). This effect was mediated, at least in part, by mitochondrial damage and subsequent impaired b-oxidation of NEFA. This effect did not correlate with expression changes of variables of de novo synthesis (Fasn, Figure 5 ). It is therefore likely that the observed effects represent a dysregulation of mitochondrial function (see below). Similarly, CE exposure alone partially depleted hepatic glycogen levels, which was exacerbated by LPS ( Figure 4) ; suggesting an elevated consumption of glycogen reserves by CE exposure, in spite of elevated Glut4 expression in CE exposed animals ( Figure 5 ), which should favor glucose uptake over glycogenolysis for aerobic metabolism. These results suggest that livers exposed to CE paradoxically store lipids (anabolic effect), while simultaneously depleting carbohydrate (glycogen) supplies (catabolic effect, Figure 4 ). Mitochondria are key to maintaining cellular energy homeostasis. Previous studies have shown that CAA caused nephrotoxicity via mechanisms involving mitochondrial toxicity (Knouzy et al., 2010; Springate, 1997) and it has been hypothesized that CAA inhibits oxidative phosphorylation in , 2016, Vol. 151, No. 2 at Journals Dept on June 14, 2016 http://toxsci.oxfordjournals.org/ mitochondria (Bruggemann et al., 2006; Sood and O'Brien, 1994) . Furthermore, it has been shown that 4-HNE exposure to cells causes a loss of mitochondrial 'bioenergetic reserve capacity,' which is available to serve increased energy demands for maintenance of organ function, cellular repair, or detoxification of reactive species (Hill et al., 2009a) . Similar to 4-HNE, CAA is a thiol reactive aldehyde, capable of protein modification. Indeed, here CAA decreased oxygen consumption in primary hepatocytes and HepG2 cells, caused mitochondrial toxicity, depleted ATP, glutathione and cellular protein thiols in HepG2 cells (Figure 6 ). Moreover, decreases in the 'reserve capacity' of the cell suggest that CAA impairs the ability of cells to mount an appropriate bioenergetic response to additional stressors, such as cytotoxic cytokines (Figs. 6D and E) . The resulting loss of the ability to maintain ATP-levels favors necrotic cell death consistent with the observed decrease in TUNEL-positive cells in mice (Figure 2 ). These data therefore suggest that VC metabolites damage hepatic mitochondria and cause a switch from aerobic to anaerobic glycolysis. Inhibition of oxidative phosphorylation increases the rate of glycolysis to account for the net loss in ATP yield (Arteel et al., 1998) . However, even though glycogen reserves were depleted, livers accumulated lipids, a potential alternative source of ATP. Within the cell, carbohydrate and lipid metabolism are usually under tight control by the protein kinases AMPK and mTOR. Both AMPK and mTOR are known to act as 'sensors' of cellular energy status and help to maintain homeostasis (Guertin and Sabatini, 2009; Hardie, 2008) . In general, downstream effects of AMPK activation are considered catabolic and favor ATP generation during energy depletion, eg, glycolysis is enhanced and ATP-consuming processes are inhibited by AMPK (Krause et al., 2002) . In contrast, mTOR is activated during times of high nutrient availability and favors storage of excess nutrients (eg, TG). Activation of the mTOR pathway promotes ATP-consuming processes such as protein and lipid synthesis through its downstream targets p70S6K, 4EBP1, and AKT. AMPK and mTOR are generally differentially activated, and mediate opposing cellular functions (Kimball, 2006) . However, recently it has been shown that AMPK and mTOR may also be concomitantly activated in the liver (Schmidt et al., 2013) , resulting in a state wherein metabolic resources are abundant, but cannot be efficiently used. These results are in line with what was observed here; AMPK and mTOR were activated in parallel by CE exposure causing lipids to accumulate while carbohydrate storage is being depleted (Figs. 4, 7, and 8) .
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Decreased intestinal barrier function with subsequently increased endotoxemia and enhanced hepatic/systemic inflammation has been implicated in TASH (Wahlang et al., 2013) . CAA has been shown to decrease transepithelial electrical resistance in the Caco-2 in vitro model of gut barrier function (Cave et al., unpublished observations) . The CE þ LPS animal model was developed, in part, based on these initial observations. This animal model appears clinically relevant because it recapitulates the hepatocellular necrosis and systemic inflammation previously reported in chemical workers with TASH and high-level occupational exposures to VC (Cave et al., 2010 (Cave et al., , 2011 . Alarmingly, this pattern of hepatocellular necrosis associated with increased proinflammatory cytokines was also seen in the residential cohort suggesting that exposures to air toxicants near chemical plants could result in environmental liver disease and TASH.
SUMMARY AND CONCLUSIONS
The results of this study suggest that VC metabolites (CE and CAA) cause mitochondrial damage, which impairs oxidative phosphorylation; the cell increases flux through anaerobic glycolysis to compensate for this loss of ATP yield. The increased demand for glucose depletes glycogen stores. The combined metabolic stress of CE exposure sensitizes the hepatocytes to FIG. 8 . Working hypothesis. Through the generation of ROS and nitrogen species , VC metabolites cause the production of proinflammatory cytokines and mitochondrial damage, which impairs oxidative phosphorylation; the cell increases flux through anaerobic glycolysis to compensate for this loss of ATP yield. The increased demand for glucose depletes glycogen stores, which likely increases AMPK activity. Interestingly, mTOR, which is usually regulated in opposition to AMPK, also appears to be activated by VC exposure. This concomitant activation of catabolic (AMPK) and anabolic (mTOR) signals likely explains why acetylCoA is being shunted to lipid synthesis (causing steatosis) rather than b-oxidation, even under conditions of ATP depletion. The combined metabolic stress of VC exposure likely causes 'apopnecrosis' (or 'necroptosis') associated with increased proinflammatory cytokines. The summary of these changes renders the cell more susceptible to additional factors, such as LPS, leading to an enhancement of the effects. necroptosis caused by inflammation. As mentioned above, liver injury involves an inflammatory response from stimuli that would normally be inconsequential. For example, fatty livers have been shown to be more susceptible to liver damage in rodent models and in humans (Colell et al., 1998; Yang et al., 1997) . The circumstances that lead to this are that inflammatory cells are 'primed' to be stimulated and that hepatocytes are 'sensitized' to an additional insult, leading to more robust inflammatory liver damage (Day and James, 1998) . Priming and sensitization could be considered a series of events that operate in tandem to cause the liver injury associated with VC/metabolites. Specifically, as shown here CE primes inflammatory cells to release proinflammatory cytokines that damage hepatocytes, which are sensitized to such damage via the impact of CE on energy flux. The histologic similarity of steatohepatitis, regardless of cause is well known. Some of the findings shown here (eg, mitochondrial dysfunction and altered energy metabolism) are potentially shared mechanisms with other liver diseases (eg, NASH and ASH). It will be interesting in future studies to leverage our current understanding of these diseases in liver injury caused by environmental toxicants.
The relative safety of VC/metabolites to the human population is still not well understood. However, this study suggests that even subhepatotoxic VC/metabolite exposures may be harmful. Importantly, most studies to date have focused on the effect of VC alone and not taken into consideration risk-modifying factors. Furthermore, even fewer studies have tested the possibility that VC may be a risk modifying factor for other diseases. It was shown here that VC metabolite CE enhances experimental LPS-induced liver injury in mice. CE concentrations employed here are likely higher than human exposure. However, in mice the concentrations employed caused no pathophysiological changes per se (Figure 1 ), but sensitized the livers to an additional factor. These data therefore may have implications for exposure levels that are too low to have direct effects on liver pathology in humans. These results therefore suggest that the relative risk of hepatic damage caused by VC exposure may have to be modified to consider additional factors, such as underlying fatty liver disease.
